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An irrununocytochemical method was developed to study 
induction and removal of DNA damage in specific cell popu-
lations in the epidermis of hairless mice during chronic ultra-
violet (UV) exposure. Identification of mouse suprabasal cells 
was performed with an immunoperoxidase stain. This stain 
was shown not to affect the fluorescent nuclear stains, used to 
reveal DNA and DNA damage. In skin cells from hairless 
mice irradiated daily with 1500 J/m2 UV-B for 11 consecu-
tive days, cyclobutane thymine dimers accumulated in epi-
dermal cells and reached a maximum level after 3 d. Thereaf-
ter dimer levels dropped to a lower, more constant level. So 
epidermal cells in vivo, both suprabasal and basal cells, remove 
U ltraviolet (UV) radiation induces photoproducts il1 the DNA of cells, which are believed to play an important role in the process of photocarcinogene-sis [1]. In studies on the effect ofUV on skin, UV-B is often used because it is an effective inducer of skin 
carcinogenesis . As UV-B hardly penetrates into the dermis atten-
tion has been focused on epidermal cells. The epidermis consists of 
severa l layers containing various cell types: an outer layer of anu-
cleated cells, the stratum corneum, the granular layer, a suprabasal 
cell layer with differentiated keratinocytes, and a basal cell layer 
with germinative, undifferentiated cells. In the process of carcino-
genesis, DNA replication may play an important role in the fixation 
of mutations [2]. This may imply that DNA damage in the basal 
cells, the dividing cells in the epidermis, is more harmful than that 
in other epidermal cells, and that damaged basal cells play the major 
role in the induction of skin cancer. Therefore, the analysis of the 
UV-induced DNA lesions in the different epidermal cell types-
and in particular of their repair capacities - may give more relevant 
information than the study of overall DNA damage in the epider-
mis. 
Induction and repair of DNA damage can be studied with bio-
chemical and immunochemical methods (reviewed by Cadet and 
Vigny, 1990) [3}. The biochemical and certain immunochemical 
assays have the disadvantage that they require DNA isolation prior 
to the detection of lesions, which frustrates cell-type specific stud-
Manuscript received August 17, 1992; accepted for publication Janua.ry 
21,1993. 
This paper is dedicated with great appreciation to Dr Frits Berends on the 
occasion of his retirement as Head of the Biochemistry Department of the 
TNO Medical Biological Laboratoty. 
Reprint requests to: L. Roza, TNO Medical Biological Laboratory, P.O. 
Box 8515, 2280 HV Rijswijk, The Nerherlands. 
Abbreviations: PBS, phosphate-buffered salinc; UV, ultraviolet; AEC, 
3-amino-9-ethylcarbazole; FCS, fetal calf serum. 
dimers effectively, in contrast to cultured rodent cells, which 
display hardly any repair in genomic DNA. Dimer content in 
sUJrabasal cells was higher than that in basal cells, but ini-
tially the patterns of induction and removal of dimers in both 
cell types were rather similar. At days 4 - 11, however, after 
the drop in dimer content, the amount of dimers in basal cells 
prior to UV exposure was almost as low as that in non-ex-
posed cells. The results presented here suggest important 
roles for both UV -induced DNA repair and cell proliferation 
in protecting epidermal cells against the mutagenic and carci-
nogenic effects ofuv. ] Invest D ermatol1 00:795 - 799, 1993 
ies, whereas other immunoassays allow ill situ detection. The latter 
assays are particularly suitab le for the analysis mentioned above. 
We previously studied DNA photoproducts, i.e., cyclobutane 
thymine dimers, in relation to photocarcinogenesis in the skin of 
hairless mice, by quantitative immunofluorescence microscopy 
with a dimer-specific monoclonal antibody [4] . We now present the 
results of a modified, extended assay that allows quantitative detec-
tion of cyclobutane thymine dimers in suprabasa l and basal cells in 
hairless mouse skin. 
In this study hairless mice were exposed to UV-B for 11 consecu-
tive days. The dose-regimen chosen is known to induce skin tumors 
in 50% of mice after daily irradiations during approximately 60 d 
[5] . Accumulation of thymine dimers was investigated both in su-
prabasal and in basal cells. 
MATERIALS AND METHODS 
Irradiation of Hairless Mice Female hairless mice (SKH : HRI), 
6-12 weeks old, were irradiated at a dose rate of 0.38 W 1m2 while 
allowed to move freely in a cage under a Westinghouse FS40 sun-
lamp (UV-B) [6] . The dose rate was checked with a Robertson-
Berger meter (Solar Light Company, Philadelphia, PA, USA) in 
combination with a micro-ampmeter, calibrated to a KippE11 ther-
mopile (Delft, The Netherlands). Mice were irradiated daily with 
1500 11m2 UV-B (a dose resulting in a just perceptible erythen~a) 
for 11 consecutive days . On day 1 the irradiations were started With 
two mice, who received their first UV dose, and every next day twO 
additional mice were entered into the procedure. So, on the elev-
enth day 22 mice were irradiated. On this day, before exposure, part 
of the dorsal skin of each mouse was covered with tape, to study the 
effect of the last UV dose. Immediately after the final irradiatio~ all 
mice were sacrificed and two strips of skin (irradiated at~d non-Irra-
diated) were excised from the mid-dorsal region. The epldenms was 
separated from the dermis by' overnight trypsinization [7] (0.25% 
trypsin + 0.04% EDT A) at 4 · C and cell suspensions were prepar~d. 
Epidermal cells were suspended in fetal calf serum (Glbco BRL, LIfe 
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Technologies B.V., Breda, The Netherlands) and co llected on 
slides by cytospin centrifugation. The cytospin preparations were 
stored dry at - 20 0 C. 
Immunostaining Procedure Epidermal cells were fixed for 
10 min in acetone and air dried. Suprabasal cells were stained by 
overnight incubation at 4 0 C with an anti-cytokeratin 10 monoclo-
nal antibody [RKSE60, Organon Teknika, The Netherlands, 
1: 125 diluted in phosphate-buffered saline (PBS)] . Slides were 
rinsed with PBS and incubated for 1 h at 37 0 C with peroxidase-
conjugated rabbit-anti-mouse immunoglobulins (Dakopatts, Den-
mark, 1 : 50 diluted in PBS). After further washing with PBS, per-
oxidase activity was revealed as described by Graham et af [8], 
modified by Claassen and Adler [9]. In brief, 1.6 mg 3-amino-9-
ethylcarbazole (AEC) was dissolved in 0.05 ml N,N-dimethylfor-
mamide and added to 4 ml sodium acetate buffer (0.05 M, pH 5.0). 
Just before use, 0.02 ml 3% H 20 2 was added. Slides were stained at 
room temperature for 8 min, rinsed with PBS, and further immuno-
stained for the detection of cyclobutane thymine dimers as described 
by Roza et at [10]. 
Quantitative Immunofluorescence The equipment and pro-
cedure used to measure tha dimer-specific fluorescence have been 
described previously [11] . The software for the computer-assisted 
image-processing and analysis was adapted to separate the images of 
AEC-stained cells from non-stained cells. 
RESULTS 
Triple Staining of Epidermal Cells To distinguish between 
UV-B-induced DNA damage in suprabasal and that in basal cells of 
mouse skin, thymine dimer-specific immunofluorescence and 
DNA-specific fluorescence staining had to be combined with a cell-
type specific immunohistochemical staining. For mouse epidermal 
cells, such discriminating staining procedures were not available. 
For the identification of specific human skin cells, on the other 
hand, numerous markers (monoclonal antibodies) were available. 
We therefore investigated the cross-reactivity of several human 
epidermal cell markers with regard to cells in mouse skin. Most of 
these markers turned .o~t to be negative or only weakly positive. 
However, cross-reactivity of the monoclonal antibody RKSE60 
with cytokeratin 10 in mouse skin resulted in satisfactory staining of 
suprabasal ce~ l s. Th.e stainin~ involved the use of a peroxidase-con-
jugated rabbit-anti-mouse Immunoglobulin as second antibody, 
and the formation of a precipitate with AEC to reveal peroxidase 
activity (see Materials and Methods). This staining produced very 
good results with cytospin preparations. With cryostat skin sections 
it was less satisfactory due to somewhat high background staining. 
For this reason the former preparations were used in the further 
experiments . 
First it was established that the AEC precipitate could withstand 
the subsequent treatments of the thymine dimer-immunostaining 
procedure. Next, to investigate a possibly negative effect of AEC on 
the dimer-specific fluorescence, AEC-stained and non-stained cyto-
spin preparations of UV -exposed cells were immunostained via in-
cubation with dimer-specific antibodies followed by fluorescently 
labeled anti-mouse IgG antibodies. No significant difference in 
dimer-specific fluorescence was measured in the presence or absence 
of the AEC stain (data not shown) . Apparently, in the cytospin 
preparations studied, the cytoplasm that is present over the nuclei is 
so thin that nuclear fluorescence is not quenched by the AEC stain. 
Figure 1 presents the results of the combined staining procedures. 
Three images of the same epidermal cells are shown. It is clear that 
dimer-specific fluorescence (Fig lA) and propidium iodide staining 
of DNA (Fig IB) are located in the nucleus, whereas cytokeratin 
10- specific AEC stain (Fig 1 C) is located in the cytoplasm of supra-
basal cells. 
Thymine Dimers in Suprabasal and Basal Cells After Re-
peated UV -B Irradiation ' Cyclobutane thymine dimers were 
detected in suprabasal and basal cells of mouse skin after a single ill 
vivo exposure to UV -B and after daily repeated ill lIillo exposures, up 
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
o 
o 
c 
Figure L Triple staining of mouse. epidermal cells. Cytospin preparations 
were subjected to the Immunostall1l11g procedure as described in Materials 
and Methods. Dimer-specific fluorescence is shown in A . Counterstaining of 
cell nuclei was with propidium iodide (B) . Cytoplasms of cytokeratin 10-
positive cells (suprabasal cells) were stained with the AEC-peroxidasp 
method (C). Pictures were taken from the monitor of the scanning laser 
microscope (see [11]). Bar (givet/ ill C), 6 11m. 
to 11 times. Twenty-two mice were involved in the experiment, 
two for each dose regimen. The final irradiations were given at day 
11. Prior to the UV exposure on that day, part of the dorsal skin had 
been covered with tape. For the two mice that received their first 
UV dose on day 11, this irradiation was also the only one, so the skin 
sections of these mice that had been covered with tape represented 
non-exposed control skin. The results from one of these mice are 
shown in Fig 2. The suprabasal and basal cells from non-exposed 
skin (Fig 2, top) displayed the same low amount of background 
fluorescence. After the single exposure to UV-B, the thymine 
dimers induced in the epidermal cells were well detectable (Fig 2, 
bottom) . Dimer-specific fluorescence was higher in suprabasal cells 
than in basal cells . 
In the skin of the mice that had undergone 11 UV exposures, the 
suprabasal and - to a lesser extent- basal cells already contained 
cyclobutane dimers before the last irradiation (Fig 3, top), which 
indicates that the dimers induced by the 10 preceding irradiations 
had not been fully removed. The induction of dimers by the elev-
enth irradiation, on top of the unrepaired dimers still present, can be 
seen by comparing top and bottom panels in Fig 3. 
The mean fluorescence of all epidermal cells resulting from the 
1-11 consecutive irradiations is given in Fig 4. In the first days of 
irradiation the dimer-specific fluorescence increased. The mean flu-
orescence reached a maximum after 3 d of irradiation. Thereafter it 
dropped to a lower level, around which it fluctuated for the subse-
quent days. A similar phenomenon has been observed in preceding 
experiments as well [4]. Furthermore, it is noteworthy that the 
induction of dimers in the epidermal cells on days 2 and 3 was 
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FiFe 2_ Relative distribution of nuclear fluorescence over suprabasal cells 
(dosed bars) and basal cells (open bars). Data are from one mouse exposed to a 
lingle UV -13 dose (1500 J/m2 ). Dimer levels were determined in epidermal 
aIls from. a sktn area that had been covered with tape during the irradiation 
(/Op) and In cells from uncovered skin (bottom). The classes 1-25 represent 
Buorescence values ranging from 0 to 255 arbitrary units. The nuclear 
Buorescence (per picture element, i.e., per area unit) is comparable to those 
IIlcntioned in the legends to Figs 3, 4, and 6. 
substantially higher than that on the other days. The decrease of 
fluorescence on day 4 did not correspond to an increase in the 
a/llount of suprabasal cells. The amount of suprabasal cells increased 
from approximately 40% of all epidermal cells on day 1 to approxi-
ntately 60 - 70% on day 11. Additionally, a gradual increase in the 
thickness of the epidermis could be observed over the whole experi-
ment. In. Fig 5 it is shown that the stratum corneum and the stratum 
granulosum had a considerably increased thickness on day 8 when 
compared to day 2. 
In Fig 6 the mean fluorescence is specified for the suprabasal and 
the basal cells separately. Not surprisingly, dimer levels in the su-
prabasal cells were higher than those in the basal cells. However, 
both cell types show the same general pattern, i.e., an increase over 
days 1- 3 and a drop in dimer content after day 3. The induction of 
dimers in suprabasal cells caused by each of the consecutive UV-B 
exposures after 3 d appears fairly constant, whereas the amount of 
dimers induced in basal cells seems to decrease after day 4. After 3 d 
the level of fluorescence in basal cells just prior to the next 
irradiation-i.e., 24 h after the previous UV-B exposure-was 
almost as low as the fluorescence level in non-exposed cells. Both 
cell-types show a strong induction of dimers on days 2 and 3. 
DISCUSSION 
In this study an immunochemical method is presented that allows 
cell-specific detection ofUV-B-induced DNA damage in the skin 
of hairless mice. The quantitative immunofluorescence-microscopy 
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Figure 3. Relative distribution of nuclear fluorescence over suprabasal cells 
(closed bars) and basa! cells (open bars) . Data are from one mouse irradiated 
dally on 11 consecutlve days,. with the same UV -B-dose as in Fig 2. Dimer 
levels were determllled In epIdermal cells from skin that had been covered 
WIth tape dUring the last irradiation (top) and in cells from uncovered skin 
(bottom) . 
method for the detection of thymine dimers described previously 
[4,11] was extended by the introduction of an extra cell-specific 
~arker. ~he meth~d presented here allows the quantitative detec-
tion of d1mer-specIfic fluorescence in the nucleus to be applied 
separately o~ cytokeratin to-positive and -negative cells. 
As .a keratmo~yte leaves the basal layer, a number of changes in 
pro.tem synth~sls take place during terminal differentiation. The 
maJor.change 1S th~ induction of large keratins [12J. Although basal 
cells (m human skm) express only two keratins, K5 and K14 [13J, 
suprabasal cells express keratins Kl, K2, K10, and Ktt in addition 
to the basal cell keratins [12,14J. The RKSE60 antibody is directed 
agamst the 56.6-kD cytokeratin protein (cytokeratin 10) isolated 
from human skin, and it specifically recognizes keratinizing squa-
mous epithelia. 
It can be questioned whether RKSE60 recognizes all suprabasal 
cells. Basal cells, here defined as cells located on the basal mem-
~rane, may leave the basal layer to become suprabasal cells. Recogni-
tion of the differentiating cells by the RKSE60 antibody will depend 
on the amoullt of cytokeratin 10 synthesized. Consequently, some 
"early" suprabasal cells may not be scored. In this study we have 
regarded cytokeratin 10 - positive cells as suprabasal and negative 
cells as basal cells. 
. In a ~revi<:>us study, induction and repair of cyclobutane thymine 
d1mers m skm of UV -B -irradiated hairless mice were investigated 
b~ analysis o~ cryostat sections [4]. The results from the experiments 
With cytospm preparations presented here are in line with the 
798 VINK ET AL 
:; 
~ 
Q) 
(.) 
c 
Q) 
(.) 
rtI 
Q) 
.... 
o 
~ 
150 
120 
90 
60 
30 
o 
1 
• A,: 0 
/ ,,-----.... 
/ 0 0 ' • r-
,/ ~-s.., ,/ 
'if' 
2 3 4 5 6 7 8 9 10 11 
days of irradiation 
Figure 4. Accumulation of thymine dimers in mouse skin upon repeated 
irradiations with UV-B. Hairless mice were irradiated daily for 1 to 11 d. 
Two strips of skin were taken and cytospin-preparations were made for 
measurement of dimer-specific fluorescence: one from skin that had been 
covered with tape during the last irradiation (0,0), the other from uncov-
ered skin (e,lI). Symbols ° e and o. represent samples taken from differ-
ent mice. The mean nuclear fluorescence is given in arbitrary units (a.u.). Per 
datapoint about 100 - 200 nuclei were sampled. 
previous results obtained with such skin sections. In the present 
chronic exposure experiment, dimer-specific fluorescence in epi-
dermal cell nuclei increased on the first 3 d of irradiation. Thereaf-
ter, the DNA damage content per cell decreased to a lower, more 
constant level. Induction of dimers by the UV exposures was fairly 
constant throughout the experiment, except for days 2 and 3. From 
our experiments it can be concluded that thymine dimers are re-
paired to the same extent in suprabasal cells as in basal cells in the 
epidermis of mice. 
The observed dimer removal in mouse skin epidermis confirms 
our previous experiments [4], in which -60% of dimers induced 
were removed in 24 h. This is in contrast with the in vitro situation, 
in which there is hardly any removal of pyrimidine dimers [15 -17]. 
A similar difference berween in vivo and in vitro repair in rodent cells 
has been described by Mullaart et al [15], who concluded that the 
capacity of rat skin cells to remove pyrimidine dimers is almost 
completely lost upon transfer of these cells into culture. Our obser-
vations on substantial in vivo repair agree with those from other 
studies [15,18,19]; they disagree, however, with data from other 
investigators, who reported levels of dimer removal that were as 
low as those found for in vitro repair [16,17]. Studies are now ongo-
ing to find out whether the use of different detection methods may 
be the cause of the discrepancy. 
As expected, the dimer levels in basal cells were lower than those 
in suprabasal cells, owing to the fact that suprabasal cells are closer to 
the skin surface and therefore receive a higher dose of UV. As 
shown in Fig 6, the patterns of induction and subsequent removal of 
dimers were rather similar for both cell types. The slight decrease in 
induction observed in basal cells after day 4 may well be a conse-
quence of increased shielding by the thickening of the epidermal 
layers. 
Two other phenomena, the strong induction on days 2 and 3 and 
the sudden drop on day 4, are less readily understood. At the present 
time, we do not have a rational explanation for the increased induc-
tion. It can be speculated that after the first exposure the structure of 
the chromatin becomes more open and therefore the DNA more 
UV sensitive, due to the action of repair systems; it is unclear, 
however, why on day 4 the situation would change so drastically. 
In our opinion, the variation in the dimer content of the cells over 
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Figure 5. Induction of hyperplasia. Haematoxylin-stained skin sections 
from a mouse after 2 d (A) and after 8 d (B) of irradiation. Bar, 12 flm. 
the subsequent days appears to be due to changes in the induction 
step rather than to alterations in the repair process. The return of the 
induction of dimers to the normal value from day 4 onward would 
already result in a somewhat lower dimer level than that seen on 
days 2 and 3. However, effects of UV irradiation on the exposed 
cells other than induction of dimers will enhance the lowering of 
this level. These effects are the consequence of cell proliferation 
evoked by the irradiation [20]. A clear result of the induced acceler-
ated turnover of the epidermal cells is the gradual increase in the 
thickness of the stratum corneum observed over the 11 d irradiation 
period (Fig 5). The shielding effect [21] of this thickening on day 4 
appears too small, however, to explain the drastic lowering of the 
dimer level on that day. But together with the other effects of 
increased cell proliferation a certain contribution might be ex-
pected. 
The induction of cell replication in the basal cells will increase the 
number of epidermal cells, with the consequence that the propor-
tion of "deeper" cells becomes larger. This will reduce the extent of 
dimer induction when averaged over all suprabasal cells, . which 
effect precedes that of the thickening of the stratum corneum. 
Furthermore, the cells that are terminally differentiated are the 
ones closest to the epidermal surface, which receive the highest UV 
dose. Accelerated turnover implies an increased rate of dying and 
disintegration of these cells. Consequently, the cells with the high-
est dimer content are preferentially removed from the population of 
suprabasal cells, which will be scored as disappearance ("repair") of 
dimers. 
It is not clear yet, however, at which stage of our experiment the 
induction of cell proliferation due to the irradiation really becomes 
effective. In our view, it appears likely that the induction of cell 
proliferation and its effects are UV dose dependent, i.e., depend on 
the cell's DNA-damage content. It should be realized in this respect 
that in the present study only one dose regimen was applied. Other 
daily UV doses might well have resulted in a different pattern of 
variation of the dimer levels over this irradiation period. On the 
basis of the available data it appears plausible to assume that under 
the conditions used after the irradiation of day 3 a sufficient amount 
of dimers has accumulated, due to the only partial dimer removal in 
berween the irradiations, to set off the proliferative process. A sec-
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Fi~re 6 . Accumulation of thymine dimers in suprabasal (A) and basal cells 
(B) following repeated irradiations with UV ·B. Experimental procedure as 
described in the legend to Fig 4. Data ± SEM. 
ond consideration is based on the studies reported by Olsen [22], 
who found that a single dose of monochromatic UV -B has an imme-
diate inhibitory effect on DNA synthesis followed by a regenerative 
response in which rapid cell pr~lifer~ti~:>n occurs. This c.ell prolifera-
tion became evident 24 h after IrradIatIOn and was maxImal another 
12 h later. However, in our experimental set-up another UV expo-
lUre occurs after 24 h, which is expected to result in an additional 
inhibitory effect. It can be hypothesized that DNA synthesis is 
inhibited during the first 3 d of irradiation, whereas, on day 4, the 
inhibitory effect ofUV on DNA synthesis is overcome by the stimu-
latory effect on cell proliferation. . 
Further studies are planned to investigate UV -mduced cell prolif-
eration in relation to the induction and removal of cyclobutane 
thymine dimers. 
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